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1
ACKNOWLEDGED MULTICAST
CONVERGENCE

TECHNICAL FIELD

The present disclosure relates generally to computer net-
works, and, more particularly, to convergence of multicast
networks.

BACKGROUND

In computer networks, packets of data are sent from a
source to a destination using a number of network elements
and links according to various routing protocols. Network
elements, such as routers, direct the packets along one or a
plurality of links away from the source and towards the des-
tination.

A routing loop may occur during transmission of the pack-
ets through the network, such as when an error or failure
occurs. As a result, in a group of routers, the path to a par-
ticular destination may form a loop, and packets are repeat-
edly sent back and forth among the group of routers without
reaching the intended destination.

In an Internet Protocol (IP) Multicast network where IP
Multicast tree building is managed by either Protocol-Inde-
pendent Multicast (PIM) or multicast Label Distribution Pro-
tocol (mL.DP), the Unicast control plane plays a fundamental
role in ensuring that the information provided to the Multicast
control plane is accurate from the perspective of what the
current network topology actually is. When the network expe-
riences a link and/or node failure, there is a significant chance
that the Multicast control plane, in the effort of trying to
restore connectivity for the IP Multicast traffic, will act before
the Unicast control plane it is dependent on has been able to
converge and reflect the updated topology. The reason for this
behavior is that networks supporting IP Multicast services
rely on multiple, “ships-in-the-night,” protocols that act inde-
pendently to build and maintain the necessary state that is
associated with the successful delivery of IP Multicast traffic.

BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments herein may be better understood by
referring to the following description in conjunction with the
accompanying drawings in which like reference numerals
indicate identically or functionally similar elements, of
which:

FIG. 1 illustrates an example communication network;

FIG. 2 illustrates an example network device/node;

FIG. 3 illustrates an example data packet;

FIG. 4 illustrates an example of a multicast tree in the
communication network of FIG. 1;

FIG. 5 illustrates the example multicast tree of FIG. 5 with
a link/node failure;

FIG. 6 illustrates an example of a procedure for acknowl-
edged multicast convergence;

FIG. 7 illustrates another example of a procedure for
acknowledged multicast convergence; and

FIG. 8 illustrates an example of a state machine for
acknowledged multicast convergence.

DESCRIPTION OF EXAMPLE EMBODIMENTS
Overview

According to one or more aspects of the disclosure, a
method is provided and may comprise receiving a revised
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2

unicast routing and distributing the revised unicast routing
and a query packet to a downstream device in a multicast tree.
An acknowledgement message is received from the down-
stream device based on the query packet and a new multicast
route is determined based on the revised unicast routing and
the acknowledgement message from the downstream device.

DESCRIPTION

A computer network is a geographically distributed collec-
tion of nodes/devices interconnected by communication links
and segments for transporting data between end nodes, such
as personal computers and workstations, or other devices,
such as sensors, etc. Many types of networks are available,
ranging from local area networks (LANs) to wide area net-
works (WANs). LANs typically connect the nodes over dedi-
cated private communications links located in the same gen-
eral physical location, such as a building or campus. WANSs,
on the other hand, typically connect geographically dispersed
nodes over long-distance communications links, such as
common carrier telephone lines, optical lightpaths, synchro-
nous optical networks (SONET), synchronous digital hierar-
chy (SDH) links, and others.

FIG. 1 is a schematic block diagram of an example simpli-
fied computer network 100 illustratively comprising nodes/
devices 200 (e.g., labeled as shown as “A” through “G”)
interconnected by various methods of communication. For
instance, links 105 may be wired links or shared media (e.g.,
wireless links) where certain nodes 200, such as, e.g., routers,
sensors, computers, etc., may be in communication with other
nodes 200, e.g., based on distance, signal strength, current
operational status, location, etc. Those skilled in the art will
understand that any number of nodes, devices, links, etc. may
be used in the computer network, and that the view shown
herein is for simplicity. Also, those skilled in the art will
further understand that while computer network 100 is shown
in a certain orientation, computer network 100 is merely an
example illustration that is not meant to limit the disclosure.

Data packets 140 may be exchanged among nodes/devices
200 of computer network 100 using predefined network com-
munication protocols such as certain known wired protocols,
wireless protocols, or other protocols where appropriate. In
this context, a protocol consists of a set of rules defining how
the nodes/devices 200 interact with each other.

FIG. 2 is a schematic block diagram of an example node/
device 200 that may be used with one or more embodiments
described herein, e.g., as any of the nodes shown in FIG. 1
above. The device may comprise one or more network inter-
faces 210 (e.g., wired, wireless,), at least one processor 220,
and a memory 240, all interconnected by a system bus 250.

The network interface(s) 210 comprise the mechanical,
electrical, and signaling circuitry for communicating data
over links 105 coupled to computer network 100. The net-
work interfaces may be configured to transmit and/or receive
data using a variety of different communication protocols.
Note, further, that the nodes may have two different types of
network connections 210, e.g., wireless and wired/physical
connections, and that the view herein is merely for illustra-
tion.

The memory 240 comprises a plurality of storage locations
that are addressable by processor 220 and network interfaces
210 for storing software programs and data structures asso-
ciated with the embodiments described herein. Processor 220
may comprise hardware elements or hardware logic adapted
to execute the software programs and manipulate data struc-
tures 245. An operating system 242, portions of which are
typically resident in memory 240 and executed by processor
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220, functionally organizes the device by, inter alia, invoking
operations in support of software processes and/or services
executing on the device. These software processes and/or
services may comprise routing process/services 244 and an
illustrative query process 246 and acknowledgement process
248, as described herein. Note that while routing process 244,
query process 246, and acknowledgement process 248 are
shown in centralized memory 240, certain embodiments pro-
vide for the processes (or portions thereof) to be specifically
operated within the network interfaces 210, such as a com-
ponent of a MAC layer.

In the examples shown, query process 246 can be initiated
by a device 200 that is immediately downstream from a node
or link failure to verify what portions of the existing multicast
tree(s), if any, will remain joined through the device.
Acknowledgement process 248 is used by devices 200 that
are downstream from the device 200 sending the query to
confirm or reject continued membership in the tree in ques-
tion.

Device 200 also has a unicast control plane and a multicast
control plane (part of data structures 245) that are linked
together to ensure that the multicast control plane does not
converge before information is known and processed by all
nodes on the particular tree. Depending on which unicast
routing protocol is being used, different element of the pro-
tocol provides the linkage (e.g., OSPF=LSA Version,
ISIS=LSP Version).

It will be apparent to those skilled in the art that other
processor and memory types, including various computer-
readable media, may be used to store and execute program
instructions pertaining to the techniques described herein.
Also, while the description illustrates various processes, it is
expressly contemplated that various processes may be
embodied as modules configured to operate in accordance
with the techniques herein (e.g., according to the functional-
ity of a similar process). Further, while the processes have
been shown separately, those skilled in the art will appreciate
that processes may be routines or modules within other pro-
cesses.

Routing process (services) 244 comprises computer
executable instructions executed by processor 220 to perform
functions provided by one or more routing protocols, such as
proactive or reactive routing protocols as will be understood
by those skilled in the art. These functions may, on capable
devices, be configured to manage a routing/forwarding table
(a data structure 245) used to make routing/forwarding deci-
sions for data packets. In particular, in proactive routing,
connectivity is discovered and known prior to computing
routes to any destination in the network, e.g., link state rout-
ing such as Open Shortest Path First (OSPF), Intermediate-
System-to-Intermediate-System (ISIS), or Optimized Link
State Routing (OLSR). Reactive routing, on the other hand,
discovers neighbors (i.e., does nothave an a priori knowledge
of network topology), and in response to a needed route to a
destination, sends a route request into the network to deter-
mine which neighboring node may be used to reach the
desired destination.

FIG. 3 illustrates an example simplified data packet 300.
Data packet 300 includes a header 310 and a payload 350.
Within the header 310 may be one or more various fields for
directing the data packet 300, such as a source address 312, a
destination address 314, an enhanced PIM Join Message 316,
and an enhanced mLDP Label Map Message 318. The
enhanced PIM Join Message 316 and enhanced mLLDP Label
Map Message 318 are used to support a convergence bit to
inform the remainder of the tree of events that will change the
tree structure.
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As noted above, in computer networks 100, packets of data
140 are sent from a source to a destination using a number of
nodes 200 and links 105 according to various routing proto-
cols. In unicast routing, data packets 140 are directed along
one or a plurality of links 105 away from a single source
towards a single destination. Each node 200 in the path looks
at the destination address 314 and forwards it to the next-hop
node along the best known path to the target destination. New
data packets 140 may be introduced to the computer network
100 at the single source injection point.

In multicast routing, however, the data packet’s destination
address 314 is a multicast group address. This allows a single
data packet 300 to be forwarded to a select set of multiple
nodes in the multicast group. Devices 200 within computer
network 100 are able to build packet distribution trees that
allow sources to send data packets 140 to all receiving nodes.
For instance, FIG. 4 illustrates an example of a simplified
multicast tree 412, through which data packets 140 can be
distributed to multiple receivers using a number of nodes 200
and links 105.

As also noted above, when errors or failures are present in
the network, loops can form where packets are endlessly
forwarded. As shown in FIG. 5, for example, a routing loop
510 may occur when the path to a particular destination forms
a loop among a group of nodes 200. For example, as shown,
device “E” may have determined a failure of its E-F link, or
else may be otherwise misconfigured, and forwards the
packet 300 to device “D”. Upon receipt, device D forwards
the packet to device “C” according to its vision of the multi-
cast tree, and then device C sends the packet again to device
E to repeat the loop. The data packet 300 thus continues to be
routed in an endless circle around the loop 510. While the
routing loop 510 persists in the computer network 100, the
data packets 140 will “hang” and/or are not delivered to the
destinations.

Loops in general are problematic in computer networks,
though in multicast routing, there may be multiple source
injection points for new data packets 140, making it very
likely that the routing loop 510 is continuously fed with new
packets for as long as the loop exists. This can cause a packet
storm in the computer network 100 with severe conse-
quences, such as increased latency and potential network
disruption.

When a routing loop 510 occurs in a computer network
100, the computer network 100 may converge to address the
looping error. “Network convergence” is the process of syn-
chronizing network forwarding tables (e.g., the unicast con-
trol plane and multicast control plane in data structure 245)
after a topology change. The computer network 100 is said to
be converged when all of the forwarding tables are synchro-
nized across the network, relative to the position of each
device in the topology. Network convergence is also known as
network restoration since it heals the lost or blocked connec-
tions.

Furthermore, as mentioned above, in an IP Multicast net-
work where [P Multicast tree building is managed by either
PIM or mLLDP, the Unicast control plane plays a fundamental
role in ensuring that the information provided to the Multicast
control plane is accurate from the perspective of what the
current network topology actually is. When the network expe-
riences a link and/or node failure, there is a significant chance
that the Multicast control plane, in the effort of trying to
restore connectivity for the IP Multicast traffic, will act before
the Unicast control plane it is dependent on has been able to
converge and reflect the updated topology. The reason for this
behavior is that networks supporting IP Multicast services
rely on multiple, “ships-in-the-night,” protocols that act inde-



US 9,094,224 B2

5

pendently to build and maintain the necessary state that is
associated with the successful delivery of IP Multicast traffic.

IP Multicast relies on the Unicast control plane for ensur-
ing that the upstream path towards the Source or Root of a
multicast tree uses the shortest path, from an interior gateway
protocol (IGP) metric point of view, and that this path is
loop-free. During situations where a network experiences
either link or node failures, these conditions cause the IGP
routing information to become non-synchronized across the
network for a given period of time, which is variable and
related to the size of the network and the configuration and
processing power of the routers in the network.

For IP Multicast, this commonly causes an upstream router
(closer to the failure) to converge its Unicast table faster than
those routers further downstream (away from the failure).
This subsequently triggers Multicast control plane messages
to attempt to restore connectivity. If the downstream routers
receive these Multicast control plane messages before they
have been able to complete convergence of their Unicast
routing table, the receiving Multicast control plane will act on
the information at hand. Even though the information at hand
is stale, this predicament is unknown to the Multicast control
plane. This behavior is the cause of multiple problems that are
of growing concern in IP Multicast deployments, such as:

The creation of loops, either locally or multiple hops away.
This is primarily a concern in PIM Bi-Dir or MP2MP
mLDP networks as any receiver is also a source. In a
PIM SSM/SM or P2MP mLDP network, the source is
cut off from the loop.

Unnecessary control plan churn, where partial or complete
trees might be built only to be torn down when Unicast
routing finally converges and the Multicast control plane
is made aware of the update topology. This is an issue for
all PIM and mLDP networks.

Delayed convergence due to the unnecessary control plane
churn.

Traffic storms, caused primarily by the loops, affecting
both Unicast and Multicast traffic.

Temporary use of paths that might not have been sized for
the additional Multicast traffic, affecting both Unicast
and Multicast traffic.

Make Before Break (MBB) problems. MBB works best if
just one node on the tree applies the MBB procedures.
It’s possible (depending on the topology) that multiple
routers will start the MBB procedure at the same time,
which will make the MBB less predictable and can cause
undesired traffic loss.

This missing link in the overall IP Multicast architecture is
of significant concern and can be a showstopper for the suc-
cessful deployment of scalable and reliable IP Multicast Ser-
vices.

The techniques herein provide a control plane technique
for avoiding loops and unnecessary churn during multicast
convergence. This is achieved through a query/acknowledge
process that links to topology information held in the unicast
control plane to ensure that multicast and unicast act together
in an interactive fashion.

Tlustratively, the techniques described herein may be per-
formed by hardware, software, and/or firmware, such as in
accordance with the query process 246 and acknowledge-
ment process 248, which may contain computer executable
instructions executed by the processor 220 (or independent
processor of interfaces 210) to perform functions relating to
the techniques described herein, e.g., in conjunction with
routing process 244. For example, the techniques herein may
be treated as extensions to conventional protocols, such as the
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6

various routing protocols, and as such, may be processed by
similar components understood in the art that execute those
protocols, accordingly.

Specifically, according to one or more embodiments of the
disclosure as described in detail below, existing IP multicast
control plane protocols are equipped with the necessary link-
age to the unicast control plane to understand when and what
topology change happen and what element of information
that must have been processed in any node before IP multicast
convergence can commence. Furthermore, the IP multicast
control plane is equipped with the ability to verify that the
necessary information for convergence has been propagated
all the way to the leaf(s) of the tree and whether or not
downstream IP multicast routers are to remain on the tree.
This allows all the nodes along the multicast tree to act based
on information that has been acknowledged from the leaves
of' the tree to the point of failure in the same tree. This elimi-
nates both loop conditions as well as IP multicast control
plane churn, together with the associated problems as
described above.

Iustrative processes for acknowledged multicast conver-
gence are shown in FIGS. 6 and 7, which ensure that conver-
gence of the multicast control plane only occurs after the
required devices/nodes in the affected multicast tree have
processed the required unicast control plane updates.

In the illustrative process described below, a device/node,
referred to herein as Device (A), has an upstream link towards
a source/root of a multicast tree and several downstream
neighbors that are joined onto that same tree. Upon failure of
the current upstream link used by Device (A) to reach the
source/root, Device (A) will have various options, based on
the topology in which it is operating, and the described pro-
cesses may use to reconnect with the source/root and repair
the tree.

Referring to FIG. 6, an exemplary process is shown that can
beused by Device (A). In this process, at Step 600, Device (A)
receives and distributes information on the required revision
of unicast routing to its downstream neighbors on the multi-
cast tree. This is done so that the correct unicast topology is in
place so that each node/device can make an informed decision
related to the multicast topology, as described below.

At Step 605, Device (A) originates a query packet, via
query process 246, and sends the query-packet to the nodes/
devices directly connected to Device (A) and located down-
stream on the affected trees. Device (A) can also set a query
timer at this point. To determine what action(s) to take,
Device (A) must find out from its downstream neighbors what
they require in the new topology. Before any change in the
multicast state is made, Device (A) uses the query process 246
to learn about what the neighbors downstream on the multi-
cast tree require before taking any action to change the tree
structure using the required multicast control plane. In this
example, the query packet contains information on the
affected source/root and on the revision of unicast routing that
is required. In this manner, one query packet carrying infor-
mation on the set of affected source/root-addresses is origi-
nated and distributed down the affected trees.

At Step 610, Device (A) receives acknowledgement mes-
sages from its downstream neighbors on the multicast tree in
response to the query packets.

At Step 615, Device (A) determines what actions to take
based on the revised unicast routing and the acknowledge-
ment messages received from its downstream neighbors on
the multicast tree. For example, based on the revised unicast
routing and the acknowledgement messages, Device (A) can:
(1) use an alternate upstream link (if it exists); (2) use a path
through one of the downstream neighbors; or (3) release all
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state if Device (A) is no longer of any use on the tree. To
determine which action to take, Device (A) will:

(1) Review the revised unicast topology reflecting the loss
of the previously referenced link;

(2) Review the acknowledgement messages from the
downstream neighbors on what their requirements are
after taking the topology change into account; and

(3) Make an assessment of if/how Device (A) will be used,
taking into account the revised unicast routing and the
acknowledgement messages, while also considering if
there are any locally attached receivers for the tree.

Once Device (A) has computed the new unicast topology,
it will know what role to play in relation to the multicast tree
in question. For example:

If there is no alternate upstream link to the source/root
device, all downstream neighbors find other paths, and
Device (A) has no local receivers, Device (A) can
remove itself from the multicast tree entirely.

If there is no alternate upstream link to the source/root
device, but there is an alternate path to the source/root
device through a downstream neighbor, and local receiv-
ers and/or other downstream neighbors require that
Device (A) remain on the multicast tree, Device (A) will
join the tree through the downstream neighbor (without
causing any loops).

If Device (A) determines that the shortest path to the
source/root device in the updated unicast topology goes
through one of the downstream neighbors, a different
mechanism may be used to speed up convergence. For
example, Device (A) will still query the neighbors that
remain downstream on the tree, but for establishing a
branch through the downstream neighbor, Device (A)
will originate a PIM Join/mL.DP Label Map with the
convergence bit set. This informs the downstream neigh-
bor of the fact that Device (A) now uses the downstream
neighbor as a shortest path, even if the unicast routing of
the downstream neighbor has not converged to reflect
that situation. Since it is well known to store messages
that do not immediately make sense, at least for some
situations, the downstream neighbor will then know that
if an upcoming unicast convergence results in a new
topology, the message originated by Device (A) might
make sense and can be processed before other messages
that may be stored for other reasons.

If there is an alternate upstream link towards the source/
root device, Device (A) can rejoin the multicast tree
using this new path. However, Device (A) should still
find out if its services are needed in the new topology. If
there are local receivers or the new path has an equal
metric to the previous one that failed, then its services
are needed. If there are no local receivers and the metric
changes, then Device (A) may no longer be needed in the
multicast tree and can remove itself form the multicast
tree entirely.

Referring now to FIG. 7, an exemplary process is shown

that can be used by a downstream device in the multicast tree.

At Step 700, the downstream device receives the revised
unicast routing and the query packet from Device (A).

Once each downstream neighboring device receives the
revised unicast routing and the query packet from Device (A),
at Step 705 it determines whether it has any downstream
neighbors that are also part of the multicast tree. If it does, the
process continues with Step 710. If it does not, the process
continues with Step 720.

At Step 710, the each downstream neighboring device
initiates an identical process of sending the revised unicast
routing and a query packet to their directly connected neigh-
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bors located further downstream in the tree, using query pro-
cess 246. Query process 246 is executed hop-by-hop, such
that each layer of downstream nodes/devices makes an inde-
pendent decision about if and who to issue query packets in
the downstream direction. The overall purpose of query pro-
cess 246 is to ensure that each layer of downstream nodes/
devices has converged onto the revised unicast topology
before a decision is made about whether to stay on the exist-
ing tree or to create a new branch.

At Step 715, each downstream neighboring device receives
an acknowledgement message from its directly connected
neighbors. As soon as unicast convergence has completed,
each downstream node/device responds back to their query-
ing upstream neighbor using acknowledgement process 248
with an acknowledgement message reporting whether or not
it will stay on the existing branch. Each querying node/device
can then determine an action on a per branch, or downstream
neighbor, basis whether or not to keep the existing multicast
state.

At Step 720, each downstream neighboring device will
determine what action to take based on the revised unicast
routing and the acknowledgement messages received, if any.
Once a downstream neighboring device in the multicast tree
has received and processed the required unicast routing
update and acknowledgement messages from downstream
neighbors, it will know whether or not it will remain on the
existing multicast tree and can take action to either confirm
existing multicast state or prune it. For example:

Ifthe new unicast topology points to the existing multicast
tree as being the shortest path to the source/root device,
and the downstream neighboring device has local
receivers, the downstream neighboring device will pre-
pare an acknowledge message indicating that it wants to
stay on the multicast tree.

If the downstream neighboring device has downstream
neighbors and no local receivers, the new unicast topol-
ogy points to the existing multicast tree as being the
shortest path to the source/root device, and an acknowl-
edgement message has been received that a downstream
neighbor wants to stay on the multicast tree, the down-
stream neighboring device will prepare an acknowl-
edgement message indicating that it wants to stay on the
multicast tree.

If the revised unicast topology identifies an alternate route
as being the shortest path towards the source/root device,
the downstream neighboring device can immediately
begin pruning the existing multicast state and begin cre-
ating state along the newly found path. The downstream
neighboring device will originate a PIM Prune/mL.DP
Label Release with a wildcard for all groups using the
identified source/root device and issue the downstream
query packets messages for the downstream neighbors
on the tree before beginning to build state along the new
shortest path, unless there are local receivers in which
case the new branch can be built immediately. The
downstream neighboring device will then prepare an
acknowledgement message indicating that it will no
longer stay on the current branch of the multicast tree.

Ifthe revised unicast topology points to the existing path as
being the shortest path towards the source/root device,
but no local receivers exist and all downstream neigh-
bors originate acknowledgement messages indicating
they will no longer stay on the current branch of the
multicast tree, the downstream neighboring device will
then prepare an acknowledgement message indicating
that it will no longer stay on the current branch of the
multicast tree.
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If'the query timer for originating query packets expires, the
downstream neighboring device will fallback to well known
Make Before Break processing, after which the downstream
neighboring device should then prepare an acknowledgement
message indicating that it will no longer stay on the current
branch of the multicast tree.

In case a situation arises where either a downstream query
packet or upstream acknowledgement message is lost for any
reason, the multicast control plane in use will simply fall back
to existing convergence rules for that particular protocol. This
will probably only occur with PIM, since mL.DP relies on
TCP for delivery.

Once the downstream neighboring device determines the
action to take and prepares the appropriate acknowledgement
message, the acknowledgement message is sent to upstream
Device (A) at Step 725.

The techniques described above provide the necessary
mechanics for converging a multicast topology with the fol-
lowing benefits:

Elimination of loops, since the multicast topology doesn’t
change until each node is equipped with accurate infor-
mation.

Elimination of unnecessary control plane churn, since each
node doesn’t take any action until it is equipped with
accurate information.

More reliable Make-Before-Break convergence, since the
nodes converge in an ordered manner.

The above processes provide an end-to-end multicast con-
vergence mechanism that is executed in a controlled fashion.
The end-to-end aspect by nature produces some delay in
convergence of a multicast network, but since each step is
triggered by the completion of unicast routing convergence, it
is unlikely that the end-to-end convergence times will be
significantly longer than without the described processes. In
using the described processes, loops during convergence and
control plane churn caused by partial tree building are
avoided entirely.

When this architecture is scaled to an environment that
supports a number of sources and a large number of groups
and trees, there will be an increased load on the control plane
from executing the additional measures that are required for
converging in a controlled fashion. However, the impact of
these operations should be contrasted with the already well
established downside of looping traffic in the forwarding
plane. The effects will also be alleviated by the lack of other
redundant control plane traffic as caused by the partial tree
building operations.

In addition, there may be benefits to coupling this archi-
tecture with the use of loop-free alternate (LFA) or equal cost
multipath (ECMP) paths for important source/root locations,
such that backups could be found for certain scenarios
quickly and without having to engage this function. These
unicast protection measures are highly unlikely to exist for all
potential faults in a network and hence a complete loop elimi-
nation scheme for multicast should include the above
described processes as well.

FIG. 8 illustrates and illustrative state machine 800 that
could be used to implement the techniques described above.
In the example shown, the defined states for acknowledged
multicast convergence in state machine 800 are:

Init 805;

Monitor 810;

Failurelndication 815;

UnicastCVG 820,

MulticastCVG 825;

Querylnit 830;

ProcessQuery 835;
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Acknowledge 840; and

MakeBeforeBreak 845.

State machine 800 is kept per source/root IP-address and
per downstream neighbor for the ability to manage conver-
gence events at the appropriate level of granularity as they
occur. Exemplary details on the defined states and the actions
that may be taken in each state are described below.

Init State 805

Init State 805 is the initial state and state machine 800 is put
into this state when a tree is first created, or when the local
node is first grafted onto a tree. It is not necessary for the tree
to have any downstream neighbors since certain operations in
state machine 800 are applicable to nodes that are only oper-
ating in a leaf capacity.

In response to a new tree being created, state machine 800
will register the source/root. To do this, the source/root of the
tree is identified and communicated to RIB for tracking, the
unicast control protocol managing the source/root is identi-
fied; and the monitor state for the newly added source/root is
entered.

In response to the last tree being deleted for a source/root,
state machine 800 will unregister the source/root and delete
the instance for the source/root.

All other events are ignored in Init State 805.

Monitor State 810

In Monitor State 810, the source/root has been recognized
by the local device/node and is being monitored for any
changes that will require action by state machine 800.

In response to a downstream neighbor being added for any
tree rooted at the source/root the downstream neighbor is
added to the neighbor list for the source/root.

In response to a downstream neighbor being pruned from
all trees, the neighbor is removed from the neighbor list for
the source/root.

In response to the all trees for a certain source/root being
deleted, the state machine 800 instance for the source/root is
deleted.

In response to a FailurelndicationReceived Event, state
machine 800 enters FailureIndication State 815.

In response to a MulticastControlReceived Event, state
machine 800 enters Multicast CVG State 825.

In response to receiving a query packet, state machine 800
enters ProcessQuery State 835.

In response to receiving an acknowledgement message,
state machine 800 enters Acknowledgement State 840.

In response to a TimerExpired event, state machine 800
enters MakeBeforeBreak State 845.

In response to the QueryRevdChk Flag being sent, state
machine 800 enters ProcessQuery State 835 at regular inter-
vals.

Failurelndication State 815

In Failure Indication State 815, the failures that are com-
municated to the multicast control plane are processed.

Inresponseto a Local RPF-Link Failure, state machine 800
will identify affected trees and create a list of affected down-
stream neighbors, add the source/root to the active list for a
source/root with downstream multicast control plane neigh-
bors, and enter UnicastCVG State 820 with an RFP Flag set if
the active list is not empty. Otherwise, state machine 800 will
enter Monitor State 810.

Inresponse to a Local Downlink Failure, state machine 800
enters UnicastCVG State 820 with the RPF Flag unset.

In response to receiving a unicast update, state machine
800 enters UnicastCVG State 820 with the UnicastUpdate
Flag set.
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In response to receiving a multicast update, state machine
800 enters Multicast CVG 825 with the MulticastUpdate Flag
set.

UnicastCVG State 820

In UnicastCVG State 820 the unicast convergence is moni-
tored and allowed to complete for the local system before
further action is taken to ensure that an informed decision can
be made and that the required version information is available
for retrieval by the query and acknowledgment processes.

In response to the completion of a unicast convergence:

If the RPF-flag is set:

If a new RPF-interface is found and the new RPF-inter-
face is congruent with the affected source/root path, a
Congruent Flag is set, and state machine 800 enters
Querylnit State 830.

If a new RPF-interface is found and the new RPF-inter-
face is non-congruent with the affected source/root
path, the Congruent Flag is unset, and state machine
800 enters Querylnit State 830.

It the RPF-flag is not set, state machine 800 sets
ReleaseAllFlag for the affected source/root and enters
MulticastCVG State 825.

If the RPF-flag is unset, state machine 800 enters Multi-
castCVG State 825.

If the UnicastUpdate Flag is set:

If a new RPF-interface is found and the new RPF-inter-
face is congruent with the affected source/root path, a
Congruent Flag is set, and state machine 800 enters
MulticastCVG State 825.

If a new RPF-interface is found and the new RPF-inter-
face is non-congruent with the affected source/root
path, the Congruent Flag is unset, and state machine
800 enters Querylnit State 830.

It the RPF-flag is not set, state machine 800 sets
ReleaseAllFlag for the affected source/root and enters
MulticastCVG State 825.

MulticastCVG State 825

In MulticastCVG State 825, any received multicast control
updates are processed and checked for validity.

In response to the ReleaseAll Flag being set, state machine
800 originates a release message with a wildcard, deletes all
affected trees from the Active List, and enters Monitor State
810.

In response to receipt of the PIM or mL.DP, state machine
800 stores the update in cache and enters Monitor State 810.

In response to receiving a PIM/mLDP message with a
convergence bit set, state machine 800 determines if the cor-
rect version unicast routing was used. If the correct version
was used, state machine 800 processes the message and enters
Monitor State 810. If the correct version was not used, state
machine 800 stores the message for later processing and
enters Monitor States 810.

In response to other PIM/mLDP messages, state machine
800 processes the message and enters Monitor State 810.

In response to a McOriginateMsg Flag, state machine 800
originates the relevant control plane message and enters
Monitor State 810.

Querylnit State 830

In Querylnit State 830, all query processing is initiated
based on the position of the local node in relation to the
affected source/root and received query packets from
upstream neighbors.

In response to the Congruent Flag being unset, state
machine 800 originates downstream queries for the source/
root being processed to the nodes in the neighbor list, starts a
query timer for the source/root, and enters Monitor State 810.
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ProcessQuery State 835

In ProcessQuery State 835, any query packets that are
received are processed and managed properly to generate
further downstream queries and/or trigger corresponding
acknowledgement messages or time out the query operation.

In response to receiving a query packet, state machine 800
confirms that the unicast convergence is complete for the
related update specified by the query packet. If the unicast
convergence is not complete, state machine 800 waits or
enters Monitor State 810 with the QueryRcvdChk Flag. If the
unicast convergence is complete, state machine 800 checks if
downstream queries are required for the source/root that the
received query packet pertained to. If downstream queries are
needed, state machine 800 enters Querylnit State 830. If
downstream queries are not needed, state machine 800 enters
Acknowledge State 840.

In response to an expired timer for any downstream query
on a queried source/root, state machine 800 deletes the out-
standing queries from the neighbor list and enters MakeBe-
foreBreak State 845.

Acknowledge State 840

In the Acknowledge State 840, the received acknowledge-
ment messages matching outstanding query packets are pro-
cessed and active sources/roots are taken off the active list as
soon as all outstanding queries are settled.

In response to an acknowledgement message being
received, state machine 800 determines if the acknowledge-
ment message is the final outstanding query for a source/root.
If it is, the source/root is removed from the active list and the
timer for the source/root is cleared. If it is not, state machine
800 determines if the timer has expired for the source/root. If
the timer has expired, source/root is removed from the active
list and state machine 800 enters MakeBeforeBreak State
845. If it has not expired, state machine 800 determines if the
acknowledgement message indicates ON TREE. If it does,
state machine 800 refreshes the state and enters Monitor State
810. If it does not, state machine 800 clear the state and enters
Monitor State 810.

MakeBeforeBreak State 845

In MakeBeforeBreak State 845, state machine 800 has
given up on the source/root in question and enters Make
Before Break to determine if the source/root path can be
resurrected that way and enters Monitor State 810.

The techniques described herein inherently aggregate mul-
ticast convergence around the established aggregation of
multicast state around Unicast Source or Root IP-addresses.
Loops and control plane churn are avoided completely since
the linkage between the unicast and multicast control planed
provides for the required synchronization to do so.

The foregoing description has been directed to specific
embodiments. It will be apparent, however, that other varia-
tions and modifications may be made to the described
embodiments, with the attainment of some or all of their
advantages. For instance, it is expressly contemplated that the
components and/or elements described herein can be imple-
mented as software being stored on a tangible (non-transi-
tory) computer-readable medium (e.g., disks/CDs/RAM/EE-
PROM/etc.) having program instructions executing on a
computer, hardware, firmware, or a combination thereof.
Accordingly this description is to be taken only by way of
example and not to otherwise limit the scope of the embodi-
ments herein. Therefore, it is the object of the appended
claims to cover all such variations and modifications as come
within the true spirit and scope of the embodiments herein.
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What is claimed is:
1. A method, comprising:
receiving, at a first device in a multicast tree that is imme-
diately downstream of a failure in the multicast tree, data
indicative of a revised unicast routing topology;

distributing, by the first device, the data indicative of the
revised unicast routing topology to a downstream device
of the first device in the multicast tree;
sending, by the first device, a query to the downstream
device of the first device in the multicast tree regarding
the distributed data indicative of the revised unicast rout-
ing topology, prior to the multicast tree being updated;

receiving, at the first device, an acknowledgement message
from the downstream device of the first device in the
multicast tree based on the query; and

determining, by the first device, a change to the multicast

tree based on the data indicative of the revised unicast
routing topology and on the acknowledgement message
received from the downstream device of the first device.

2. The method of claim 1, wherein the query comprises
information regarding an affected root device of the multicast
tree.

3. The method of claim 1, wherein determining the change
to the multicast tree comprises:

identifying, by the first device, an alternate upstream link to

a root device of the multicast tree; the method further
comprising:

implementing, by the first device, the change to the multi-

cast tree by updating the multicast tree to include the
alternate upstream link.

4. The method of claim 3, wherein the acknowledgement
message comprises a request that the downstream device of
the first device in the multicast tree remains in the multicast
tree after the change to the multicast tree is implemented.

5. The method of claim 1, wherein determining the change
to the multicast tree comprises:

determining, by the first device, an alternate path to a root

device of the multicast tree through an alternate down-
stream device of the first device in the multicast tree; the
method further comprising:
implementing, by the first device, the change to the multi-
cast tree by updating the multicast tree to include the
alternate path to the root device through the alternate
downstream device of the first device in the multicast
tree.
6. The method of claim 5, wherein the acknowledgment
message comprises an indication that the downstream device
of the first device in the multicast tree identified the alternate
path to the root device.
7. The method of claim 1, wherein determining the change
to the multicast tree comprises:
determining, by the first device, that the first device should
leave the multicast tree; the method further comprising:

implementing, by the first device, the change to the multi-
cast tree by causing the first device and the downstream
device of the first device in the multicast tree to leave the
multicast tree.

8. The method as in claim 1, wherein the downstream
device of the first device in the multicast tree sends the
acknowledgement message after receiving a corresponding
acknowledgement from one or more devices that are further
downstream of the downstream device of the first device in
the multicast tree.

9. An apparatus, comprising:

a network interface configured to communicate over a net-

work;
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a processor coupled to the network interface and config-

ured to execute a process; and

amemory configured to store the process executable by the

processor, the process when executed comprising:

receiving data indicative of a revised unicast routing
topology, in response to a failure in a multicast tree
immediately upstream of the apparatus;

distributing the data indicative of the revised unicast
routing topology to a downstream device of the appa-
ratus in the multicast tree;

sending a query to the downstream device of the appa-
ratus in the multicast tree regarding the distributed
data indicative ofthe revised unicast topology, prior to
the multicast tree being updated;

receiving an acknowledgement message from the down-
stream device of the apparatus in the multicast tree
based on the query; and

determining a change to the multicast tree based on the
revised unicast routing topology and the acknowl-
edgement message received from the downstream
device of the apparatus in the multicast tree.

10. The apparatus of claim 9, wherein the query comprises
information regarding an affected root device of the multicast
tree.

11. The apparatus of claim 9, wherein determining the
change to the multicast tree comprises:

identifying an alternate upstream link to aroot device of the

multicast tree; the process further comprising:
implementing the change to the multicast tree by updating
the multicast tree to include the alternate upstream link.

12. The apparatus of claim 11, wherein the acknowledge-
ment message comprises a request that the downstream
device of the apparatus in the multicast tree remains in the
updated multicast tree after the change to the multicast tree is
implemented.

13. The apparatus of claim 9, wherein determining the
change to the multicast tree comprises:

determining an alternate path to a root device of the mul-

ticast tree through an alternate downstream device of the
apparatus in the multicast tree; the process further com-
prising:

implementing the change to the multicast tree by updating

the multicast tree to include the alternate path to the root
device through the alternate downstream device of the
apparatus in the multicast tree.

14. The apparatus of claim 13, wherein the acknowledg-
ment message comprises an indication that the downstream
device of the apparatus in the multicast tree identified the
alternate path to the root device.

15. The apparatus of claim 9, wherein determining the
change to the multicast tree comprises:

determining that the apparatus should leave the multicast

tree; the process further comprising:

implementing the change to the multicast tree by causing

the apparatus and the downstream device of the appara-
tus in the multicast tree to leave the multicast tree.

16. The apparatus as in claim 9, wherein the downstream
device of the apparatus in the multicast tree sends the
acknowledgement message after receiving a corresponding
acknowledgement from one or more devices that are further
downstream of the downstream device of the first device in
the multicast tree.

17. A tangible non-transitory computer-readable storage
medium having computer-executable instructions stored
thereon that, when executed by a processor, cause the proces-
sor to perform operations comprising:
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receiving, at a first device in a multicast tree that is imme-
diately downstream of a failure in the multicast tree, data
indicative of a revised unicast routing topology;

distributing, by the first device, the data indicative of the
revised unicast routing topology to a downstream device
of the first device in the multicast tree;

sending, by the first device, a query to the downstream
device of the first device regarding the data indicative of
the revised unicast routing topology, prior to the multi-
cast tree being updated;

receiving, at the first device, an acknowledgement message
from the downstream device of the first device in the
multicast tree based on the query; and

determining, by the first device, a change to the multicast
tree based on the revised unicast routing topology and on
the acknowledgement message received from the down-
stream device of the first device in the multicast tree.

18. The tangible non-transitory computer-readable storage

medium of claim 17, wherein determining the change to the
multicast tree comprises:

identifying an alternate upstream link to a root device of the
multicast tree; the operations further comprising:
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implementing the change to the multicast tree by updating

the multicast tree to include the alternate upstream link.

19. The tangible non-transitory computer-readable storage
medium of claim 17, wherein determining the change to the
multicast tree comprises:

determining an alternate path to a root device of the mul-

ticast tree through an alternate downstream device of the
first device in the multicast tree; the operations further
comprising:

implementing the change to the multicast tree by updating

the multicast tree to include the alternate path to the root
device through the alternate downstream device of the
first device in the multicast tree.

20. The tangible non-transitory computer-readable storage
medium of claim 17, wherein determining the change to the
multicast tree comprises:

determining that the first device should leave the multicast

tree; the operations further comprising:

implementing the change to the multicast tree by causing

the first device and the downstream device of the first
device in the multicast tree to leave the multicast tree.
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